The dopamine D 2 receptor (DRD2) is a G protein-coupled receptor (GPCR) that is generally considered to be a primary target in the treatment of schizophrenia. First generation antipsychotic drugs (e.g. haloperidol) are antagonists of the DRD2, while second generation antipsychotic drugs (e.g. olanzapine) antagonize DRD2 and 5HT 2A receptors. Notably, both these classes of drugs may cause side effects associated with D2 receptor antagonism (e.g. hyperprolactemia and extrapyramidal symptoms). The novel, "third generation" antipsychotic drug, aripiprazole is also used to treat schizophrenia, with the remarkable advantage that its tendency to cause extrapyramidal symptoms is minimal. Aripiprazole is considered a partial agonist of the DRD2, but it also has partial agonist/antagonist activity for other GPCRs. Further, aripiprazole has been reported to have a unique activity profile in functional assays with the DRD2. In the present study the molecular pharmacology of aripiprazole was further examined in HEK cell models stably expressing the DRD2 and specific isoforms of adenylyl cyclase to assess functional responses of Gα and Gβγ subunits. Additional studies examined the activity of aripiprazole in DRD2-mediated heterologous sensitization of adenylyl cyclase and cell-based dynamic mass redistribution (DMR). Aripiprazole displayed a unique functional profile for modulation of G proteins, being a partial agonist for Gαi/o and a robust antagonist for Gβγ signaling. Additionally, aripiprazole was a weak partial agonist for both heterologous sensitization and dynamic mass redistribution.
Introduction
Functionally-selective or biased ligands distinctly activate different signaling pathways through a single G protein-coupled receptor (GPCR) [1] . Although classically, ligands of GPCRs have been classified as full, partial, or inverse agonists, or antagonists; it is now accepted that the same ligand can display different pharmacological profiles at different signaling pathways through the same GPCR [2] . Increasing evidence suggesting that biased ligands could provide safer and more effective drug therapies [3] .
The dopamine D 2 receptor (DRD2) is a GPCR that is targeted in the therapies of Parkinson's disease and schizophrenia. The DRD2 couples to inhibitory heterotrimeric G proteins leading to activation of Gα subunits that inhibit adenylyl cyclases, as well as promoting Gβγ signaling. Additional adaptive signaling responses of the DRD2 include β-arrestin recruitment and heterologous sensitization of adenylyl cyclase [4, 5] . The drugs used in the therapies for Parkinson's disease (e.g. pramipexole, ropinirole) are agonists of the Gα response of the DRD2, whereas those used for schizophrenia are either antagonists or partial agonists (e.g. haloperidol, aripiprazole, respectively) [6] .
The dopamine hypothesis of schizophrenia suggests that antagonists of dopamine receptors would decrease the positive symptoms of schizophrenia [7] . Accordingly, the first generation of antipsychotic drugs antagonizes the DRD2, while second generation antipsychotic drugs have more complex pharmacology, antagonizing both the DRD2 and 5HT 2A for their therapeutic effects. The first generation agents, and to some extent the second generation antipsychotics, also antagonize other GPCRs in the central nervous system (e.g. muscarinic and histamine as well as other dopamine and serotonin receptors) resulting in a number of side effects [8] . Aripiprazole has been suggested to be a potential prototype for third generation antipsychotic drugs [9, 10] . It has also been hypothesized that the unique actions of aripiprazole involve functional selectivity or its partial agonist activity that may stabilize the dopaminergic signaling through the DRD2 [9, [11] [12] [13] [14] [15] . Previous studies have demonstrated that aripiprazole is a partial agonist for inhibition of cAMP accumulation through the DRD2 (i.e. Gα signaling) [12, 14, 16] . In contrast, it has also been reported that aripiprazole is an antagonist in GTPγS binding assays with the DRD2 [13, 14] . It was also revealed that aripiprazole failed to activate outward potassium currents following activation of the DRD2 in MES-23.5 cells, indirectly suggesting that it was inactive or possibly an antagonist for Gβγ signaling through the DRD2 [14] .
The observations highlighted above prompted us to further explore the molecular pharmacology of aripiprazole at the DRD2 in comparison to a small subset of clinicallyrelevant DRD2 ligands. Specifically, we measured Gα signaling, Gβγ signaling, heterologous sensitization of adenylyl cyclase, and dynamic mass redistribution (DMR). Aripiprazole displayed a unique profile for activation of G protein signaling, behaving as a robust antagonist of Gβγ subunits, while partially activating Gα. Additionally, aripiprazole was a weak partial agonist/antagonist for heterologous sensitization of adenylyl cyclase and in cell-based DMR experiments. The unique antagonist profile of aripiprazole may provide additional opportunities for developing targeted antipsychotic agents.
Materials and Methods

Compounds used
The following compounds were purchased from Sigma-Aldrich (St. Louis, MO): dopamine hydrochloride, (±) quinpirole dihydrochloride, pramipexole dihydrochloride, ropinirole hydrochloride, rotigotine hydrochloride, clozapine, spiperone and 3-isobutyl-1-methylxanthine (IBMX). Aripiprazole was purchased from Santa Cruz Biotechnology (Dallas, TX). Forskolin was purchased from Tocris (Ellisville, MO). Haloperidol was a gift from D. Nichols, Purdue University.
Cell culture
Human embryonic kidney (HEK) cells stably expressing the long isoform of the DRD2 (HEK-D2) and adenylyl cyclase 2 (HEK-AC2/D2) or adenylyl cyclase 5 (HEK-AC5/D2) were cultured in Dubelcco's Modified Eagle Medium (Life Technologies, Grand Island, NY) supplemented with 5% bovine calf serum (Hyclone, Logan, UT), 5% fetal clone I (Hyclone, Logan, UT), and Antibiotic-Antimycotic (Life Technologies, Grand Island, NY), and puromycin (Sigma-Aldrich, St. Louis, MO) (HEK-D2), or zeocin (Life Technologies, Grand Island, NY) and G418 (Invivogen, San Diego, CA) (HEK-AC2/D2), or puromycin and G418 (HEK-AC5/ D2). Cells were grown to confluency in 15 cm disses, harvested with Cell Dissociation Buffer (Life Technologies, Grand Island, NY), and resuspended in 5 ml of fetal bovine serum (Hyclone, Logan, UT) containing 10% dimethyl sulfoxide (SigmaAldrich, St. Louis, MO), 1 ml was added to cryovials that were incubated overnight at −80°C in a CoolCell device (BioCision, Larkspur, CA) for cryopreservation. On the following day, cryovials were stored in liquid N 2 until the assay day.
Gαi/o assay
Cryopreserved HEK-AC5/D2 cells were thawed in a 37°C water-bath, resuspended in 10 ml optiMEM (Life Technologies, Grand Island, NY) and centrifuged at 500 × g for 5 min. The cells were resuspended in 1 ml optiMEM, and counted using a Countess automated cell counter (Life Technologies, Grand Island, NY). Cells were plated in a white, flat bottom, low-volume, tissue culture-treated 384 well plate (PerkinElmer, Shelton, CT) at a final density of 2 000 cells/well. The plate was centrifuged for 1 min at 100 × g and incubated in a 37°C humidified incubator for 1 h. The DRD2 ligand was added followed by the addition of forskolin (3 µM final concentration) containing IBMX (0.5 mM final concentration). Cells were incubated at room temperature for 1 h and cAMP accumulation was measured using Cisbio's dynamic 2 kit (Cisbio Bioassays, Bedford, MA) according to the manufacturer's instructions. Plates were analyzed for fluorescent emissions at 620 nm and 665 nm using 330 nm as the excitation wavelength in a Synergy 4 (Biotek, Winooski, VT), and ratiometric analysis was carried out by dividing the 665 nm emissions by the 620 nm emissions to extrapolate the cAMP concentrations from a cAMP standard curve.
Gβγ assay
The assays used to measure Gβγ activation by the DRD2 were done using the specific properties of AC2, AC4, and AC7 [17, 18] . These AC isoforms are insensitive to inhibition by Gαi/o and potentiated by Gβγ subunits from Gαi/o-coupled receptors in the presence of direct AC-activators [19] . HEK-AC2/D2 cells were thawed in a 37°C water-bath, resuspended in 10 ml optiMEM and centrifuged at 500 × g for 5 min. The resuspension and centrifugation steps were repeated. The cells were resuspended in 1 ml optiMEM and counted. Cells were diluted to a concentration of 5 × 10 5 cells/ml and the cell suspension was added in a white, low-volume, flat bottom, tissue culture-treated 384 well plate resulting in a final density of 2 500 cells/well. The plate was centrifuged for 1 min at 100 × g and incubated in a 37°C humidified incubator for 1 h. The DRD2 ligand was added and cAMP accumulation was initiated by the addition of phorbol 12-myristate 13-acetate (PMA) (Tocris, Ellisville, MO) (final concentration of 1 µM) in the presence of 0.5 mM IBMX, to specifically stimulate AC2. Cells were incubated at room temperature for 1 h and cAMP accumulation was measured as described above.
Heterologous sensitization of adenylyl cyclase
Heterologous sensitization is a cellular adaptive response that occurs after prolonged periods of stimulation of Gαi/o-coupled receptors [5] . For the sensitization assays, HEKAC5/ D2 cells were thawed in a 37°C water-bath, resuspended in 10 ml optiMEM and centrifuged at 500 × g for 5 min. The cells were resuspended in 1 ml optiMEM and counted. Cells were diluted and added to a white, flat-bottom, tissue culture-treated 384 well plate (PerkinElmer, Shelton, CT) resulting in a final density of 2 000 cells/well. The plate was centrifuged for 1 min at 100 × g and incubated in a 37°C humidified incubator for 1 h. To induce sensitization, the DRD2 ligand was added and cells were pre-incubated in a 37°C humidified incubator for 2 h. Following the 2 h incubation (i.e. sensitization period), forskolin (300 nM final concentration) containing 0.5 mM IBMX was added in the presence of 1 µM spiperone (to inhibit acute ligand activation of the DRD2). Cells were incubated at room temperature for 1 h and cAMP accumulation was measured as described above.
Dynamic Mass Redistribution
For DMR assays, 20 µl per well of HEK-D2 growth medium was added to an EnSpire-LFC 384 fibronectin coated plate (PerkinElmer, Waltham, MA). Plate was centrifuged for 1 min at 500 × g and placed in 37°C humidified incubator while cell suspension was prepared. HEKD2 cells were dissociated and collected using 0.25% trypsin-EDTA (Life Technologies, Grand Island, NY), diluted to 10 ml with growth media, centrifuged at 500 × g for 5 min, and resuspended in 10 ml growth medium. Cells were counted and diluted to 5 × 10 5 cells/ml in growth medium, and 30 µl of this suspension was added to wells of EnSpire plate to achieve a final density of 15 000 cells/well and a total volume of 50 µl/well. Cells were incubated in a humidified incubator until 95% confluent, typically 16-24 h. One hour prior to assay, cell-containing wells were washed twice with room temperature assay buffer, 20 mM HEPES (Fisher Scientific, Pittsburg, PA) in HBSS (Life Technologies, Grand Island, NY) using a JANUS MDT Mini liquid handling robot (PerkinElmer, Shelton, CT). Cells were then incubated for 1 h at ambient temperature to allow development of stable DMR baseline. In agonist-mode, cells were incubated for 1 h in 40 µl assay buffer, and in antagonist mode cells were incubated for 1 h in 30 µl assay buffer supplemented with 10 µl of 5× concentrated antagonist. After 1 h, 10 baseline reads were generated, 10 µl of 5× concentrated agonist was added, and final DMR was measured for 200 reads using a PerkinElmer EnSpire Multimode Plate Reader equipped with Corning EPIC label-free technology (Waltham, MA). DMR responses were quantified by measuring both the total area under the curve (AUC) as well as the maximal DMR peak amplitude using GraphPad Prism (GraphPad Software Inc., San Diego, CA).
Data collection and analysis
All data reported represent the average of at least three independent experiments conducted in duplicate. Analysis for EC50/IC50 values and 95% confidence intervals (C.I.) were completed using GraphPad Prism.
Results
Aripiprazole is a partial agonist for Gα activation through the DRD2
Previous studies have reported that aripiprazole is a partial agonist for inhibition of cAMP and an antagonist in GTPγS binding assays through the DRD2 [12] [13] [14] 16] . The work presented here examined DRD2-mediated inhibition of cAMP production in HEK cells stably expressing the DRD2 and adenylyl cyclase 5 (AC5). AC5 is abundantly expressed in the striatum, a region where the DRD2 is highly expressed and is thought to be essential for motor effects associated with DRD2 antagonism [20, 21] . In agreement to what was previously observed, aripiprazole was a partial agonist for inhibiting forskolin-mediated cAMP production displaying 48% of dopamine's response (Figure 1 ). The prototypical DRD2 agonist, quinpirole resulted in 98% of dopamine's response, and clinically used DRD2 agonists pramipexole, ropinirole, and rotigotine also had agonist responses with > 80% of dopamine's response ( Table 1 ). The potency of aripiprazole (ca. 4 nM) was comparable to that of dopamine and quinpirole (Table 1) .
Aripiprazole is an antagonist of Gβγ signaling through the DRD2
To explore the ability of aripiprazole to modulate Gβγ signaling through the DRD2 we measured Gβγ-mediated potentiation of AC2. AC2 is insensitive to direct Gαi/o regulation, but is conditionally activated by Gβγ subunits [19] . Thus, the cAMP response of AC2 to stimulators such as Gαs or PKC can be potentiated by the release of Gβγ subunits following DRD2 activation [18] . HEK cells stably expressing the DRD2 and AC2 were used, and DRD2-mediated potentiation of PKC-stimulated AC2 activity was assessed. As expected, dopamine and quinpirole elicited dose-dependent enhancements in PMA-stimulated cAMP accumulation in HEK-AC2/D2 cells with EC50 values of 46 nM (95% CI [28 -75 nM] ) and 74 nM (95% CI [50 -109 nM]), respectively (Figure 2A) . Pramipexole, ropinirole, and rotigotine also led to dosedependent enhancements of the cAMP response, resulting in 98%, 70%, and 79% of dopamine's response, respectively (Table 1 ). In contrast, aripiprazole failed to enhance PMA-stimulated AC2 activity in this assay (Figure 2A ).
Because aripiprazole did not activate Gβγ subunit signaling in our assay, we explored its ability to antagonize dopamine's Gβγ response. As shown in Figure 2B , aripiprazole fully inhibited dopamine's response in a dose-dependent manner, with an IC50 value of 2.8 nM (95% CI [1.3 -5.9 nM]). These results are consistent with the lack of GIRK channel activation observed by Shapiro et al. (2003) and demonstrate for the first time that aripiprazole is a potent antagonist of Gβγ signaling through the DRD2. The first generation antipsychotic drug haloperidol and the second generation antipsychotic drug clozapine were also tested for antagonism of Gβγ signaling. Both compounds fully inhibited dopamine's response, with IC50 values of 1.5 nM (95% CI [0.8 -2.8 nM) and 575 nM (95% CI [270 -1 226 nM]), respectively ( Figure 2B ).
Aripiprazole's effects on heterologous sensitization of AC5
Because aripiprazole was a partial agonist for Gαi/o activation and an antagonist for Gβγ subunits, a more complex G protein-dependent signaling pathway was analyzed. Heterologous sensitization of adenylyl cyclase is a cellular adaptive response that occurs following chronic activation of Gαi/o-coupled receptors [5] . In this phenomenon, prolonged Gαi/o agonist exposure results in a marked enhancement of subsequent drug-stimulated cAMP accumulation. Mechanistically, it has been shown that both Gα and Gβγ subunits of G proteins are involved in this cellular response [5] .
Heterologous sensitization of AC5 was measured in HEK cells stably expressing AC5 and the DRD2 by pre-incubating the cells with the DRD2 ligands for 2 h before stimulating cAMP accumulation with forskolin. Pretreatment with dopamine or quinpirole resulted in dose-dependent enhancements in the forskolin-stimulated cAMP accumulation with EC50 values of approximately 8 nM ( Figure 3A) . Pramipexole, ropinirole, and rotigotine also led to heterologous sensitization of AC5 and had maximal responses greater than 100% (Table  1 ). In contrast, aripiprazole displayed a weak partial agonist response in this assay, resulting in only 18% of dopamine's response (Table 1 ). Subsequent antagonist-mode studies revealed that aripiprazole was a potent partial antagonist of dopamine-mediated heterologous sensitization of AC5 with an IC50 value of 4.2 nM (95% CI [2.0 -8. 
Aripiprazole's effects on dynamic mass redistribution (DMR)
Another approach used to measure aripiprazole's effects on the DRD2 employed a labelfree holistic approach. DMR responses reflect changes in cellular shape, which are hypothesized to be caused by the intracellular movement of biomolecules due to ligand-mediated signaling events [22] . These assays were conducted in HEK cells stably expressing the DRD2. Dopamine, quinpirole, pramipexole, and ropinirole displayed dose-dependent positive DMR responses with EC50 values ranging from approximately 8 nM to 40 nM ( Table 1 ). All of these compounds elicited similar maximal responses, ranging from 98% to 104% of dopamine's response (Table 1 ). In contrast, aripiprazole was only a partial agonist, with a maximal effect of 32% ( Figure 4A ). Aripiprazole was also the least potent compound tested with an EC50 value of 730 nM (95% CI [433 -1 231 nM]), whereas dopamine was the most potent (Table 1) .
Subsequent studies evaluated aripiprazole in antagonist mode. After pretreatment with aripiprazole for 1 h, the DMR response of HEK-D2 cells to an EC90 concentration of dopamine (100 nM) was completely abrogated ( Figure 4B ). This also held true for the DRD2 antagonists haloperidol and clozapine. Haloperidol was the most potent inhibitor tested, possessing an IC50 of 5. 
Discussion
Aripiprazole is considered to be the prototypical third generation antipsychotic drug. Clinical studies showed that aripiprazole was efficacious in acute and maintenance treatments of schizophrenia [23] . Aripiprazole was also superior than the second generation antipsychotic drug olanzapine in improving neurocognitive symptoms. Additionally, aripiprazole was effective as an adjunctive therapy for major depressive disorder and in treating other behavioral and mental illnesses, such as bipolar disorder and treatmentresistant mood and anxiety disorders [23, 24] . Remarkably, in comparison to other antipsychotic drugs, aripiprazole displays a significantly lower tendency to cause commonly observed side effects including extrapyramidal symptoms [25] .
One of the hypotheses for the improved clinical profile of aripiprazole is that it acts as a "dopamine stabilizer". This hypothesis proposes that because of aripiprazole's partial agonist activity, when there are high levels of dopamine, aripiprazole behaves as a partial antagonist, inhibiting dopamine's actions; however, in low levels of dopamine, aripiprazole behaves as a partial agonist, increasing or normalizing dopaminergic signaling [26] . Though this seems to be a simple and logical explanation, the unique pharmacological profile of aripiprazole in a variety of assays suggests that additional molecular mechanisms may underlie aripiprazole's improved clinical effects.
For example, aripiprazole also has high affinity for other GPCRs, such as the dopamine D 3 receptor, the 5HT 2A 5HT 1A , 5HT 2B , and 5HT 7 serotonin receptors, the H 1 histamine receptor, and the α 1 adrenergic receptor [14] . The functional effects of aripiprazole on serotonin receptors have been studied revealing partial agonist activity in assays with 5HT 1A , 5HT 2A , 5HT 3C , 5HT 7 serotonin receptors, inverse agonism of the 5HT 2B serotonin receptor, and antagonism of the 5HT 6 serotonin receptor [14] . These data suggest that the unique clinical profile of aripiprazole could be due to its interactions with other GPCRs.
Aripiprazole also displays a somewhat unique pharmacological profile in functional assays with the DRD2. Consistent with our results, aripiprazole partially inhibited forskolinmediated cAMP accumulation in multiple cell lines [12, 14, 16] . However, in GTPγS binding assays with the DRD2 aripiprazole fully antagonized the responses to both dopamine and quinpirole [13, 14] . These data examining Gα responses are seemingly at odds and may be explained by some degree of functional selectivity for downstream Gα responses or alternatively, signal sensitivity or the lack of amplification in the GTPγS binding assays [27] . In our model of Gαi/o activation, the DRD2 was co-expressed with AC5 in HEK cells. AC5 was used because it is the most abundant adenylyl cyclase in the striatum, a brain region in which the DRD2 is highly expressed [20, 21] . Another unique finding from Shapiro et al. was that aripiprazole failed to increase the activity of GIRK channels [14] . Activation of GIRK channels by the DRD2 is a signaling event that is mediated by Gβγ subunits and has been associated with decreased synaptic activity in the basal ganglia [28] . The lack of a GIRK response was not explored further, however, we hypothesized that aripiprazole could potentially act as an antagonist for this downstream Gβγ response. HEK cells stably expressing AC2 and the DRD2 were employed to measure Gβγ activation in response to aripiprazole and control ligands. Although AC2 was used as a reporter of Gβγ signaling in our model, AC2 is widely expressed in the central nervous system [20] . Consistent with our hypothesis, aripiprazole dose-dependently antagonized dopamine's ability to potentiate AC2 activity. The potency for blocking this Gβγ response was similar to that observed with the first generation antipsychotic drug, haloperidol. The results described above may be explained by transducer-effector coupling efficiency (i.e. agonists showed greater potency for Gα versus Gβγ), but also may suggest some level of pathway functional selectivity at divergent signaling pathways downstream of the DRD2.
Heterologous sensitization of adenylyl cyclase is a cellular adaptive response that occurs following prolonged periods of Gαi/o-coupled receptor activation [5] . DRD2-induced sensitization results in a marked enhancement of subsequent cAMP signaling in both cellular and animal models [5, 29, 30] . Enhanced or persistent DRD2 activation has also been implicated in schizophrenia [31] [32] [33] . Further, elevated brain adenylyl cyclase activity and cAMP levels in the cerebrospinal fluid have been reported in schizophrenics [34, 35] . The weak partial agonist response as well as antagonist activities observed for aripiprazole in our heterologous sensitization assays suggest that prolonged treatments with similar drugs will produce only modest adaptive effects on cAMP accumulation. This outcome may be a beneficial feature for antipsychotic drugs like aripiprazole that appear to stabilize or normalize DRD2 effects on intracellular second messengers both acutely and chronically.
The novel responses we observed with aripiprazole in the G protein-mediated assays prompted us to explore DMR as an unbiased readout for ligand-receptor signaling. In DMR experiments, plane polarized light is passed through specialized biosensor microtiter plates containing cells in the absence and presence of receptor ligand [37] . Mass movement within the cell causes changes in the cellular index of refraction, leading to altered resonance of polarized light. As mass moves towards the bottom of the plate, longer wavelengths resonate, producing positive DMR signals. Alternatively, as cellular mass moves away from the plate, shorter wavelengths resonate and a negative DMR signal is observed. DMR is a label-free approach for measuring integrated receptor responses in real time and has been used with a variety of G protein-coupled receptors. Previous work has characterized DMR signals mediated through Gαs, Gαi/o-, Gαq/11-, and Gα12/13-coupled receptors including muscarinic M 2 and M 3 receptors, α2 and β2 adrenergic receptors, and GPR55 [36, 37] . The DMR measurement profile of Gαi/ocoupled receptors presumably involves Gα subunit activation because it is prevented by pertussis toxin [37] . Consistent with this idea and similar to the heterologous sensitization results, aripiprazole elicited a weak partial agonist response. Somewhat surprisingly, aripiprazole pretreatment prevented the cellular DMR responses to an EC90 concentration of dopamine. This lack of observed partial agonist activity may reflect receptor desensitization or more speculative, altered receptor conformations leading to altered functional affinity in the DMR experiments [38] .
Previous functional selectivity studies with aripiprazole-like drugs propose somewhat opposing hypotheses. It has been posited that aripiprazole's ability to antagonize β-arrestin signaling through the DRD2 is key for antipsychotic activity [39] [40] [41] . Antagonism of β-arrestin leads to higher Akt activity and, thus, glycogen synthase kinase 3 inhibition potentially yielding antipsychotic activity [42] [43] [44] . In contrast, another team has shown that aripiprazole is a partial agonist of β-arrestin through the DRD2 [11] . They reported that aripiprazole analogs that selectively activate β-arrestin display behaviors consistent with antipsychotic activity with reduced extrapyramidal symptoms in mice. These apparently opposing hypotheses can be reconciled by assuming that some degree of β-arrestin agonism/ antagonism (i.e. partial agonism) or DRD2 receptor stabilization of that pathway is important for antipsychotic efficacy.
The present results demonstrate a novel DRD2 modulation profile for aripiprazole (i.e. antagonist for Gβγ signaling) that may suggest some level of functional selectivity or signaling pathway specificity. In addition to aripiprazole, we showed that other clinically used antipsychotic drugs (i.e. haloperidol and clozapine) also antagonized Gβγ signaling through the DRD2. These results suggest that inhibition of Gβγ signaling through the DRD2 may be a shared feature of clinically used antipsychotic drugs. Two recent studies suggest that partial agonism of β-arrestin and inhibition of Gαi/o through the DRD2 may provide antipsychotic activity with reduced motor side effects [11, 45] . Unfortunately, the activity of those ligands at Gβγ signaling effectors (e.g. AC2 or GIRK) was not examined. It would be interesting to explore the activity of such ligands for Gβγ-dependent pathways. The physiological responses to antagonism of DRD2 Gβγ signaling are anticipated to be diverse and involve multiple effectors expressed throughout the central nervous system including multiple AC isoforms (i.e. AC2, AC4, and AC7), GIRK and N-type calcium channels, phospholipase C isoforms, phosphoinositide 3 kinase, glycine receptors, phosducin, tubulin, and ERK [46, 47] . The potential number of pathways involving the DRD2 Gβγ effectors may represent a new muti-pathway approach versus a multi-receptor strategy in the "War on Mental Illness." Heterologous sensitization by aripiprazole and reference DRD2 ligands in HEKAC5/ D2 cells. A. Heterologous sensitization of AC5 was measured by pre-treating cells with the DRD2 ligand for 2 h, followed by the addition of forskolin in the presence of IBMX and spiperone. B. Antagonism of heterologous sensitization of AC5 was measured by preincubating the cells with antagonists for 30 min, followed by a 2 h pre-treatment with 100 nM dopamine. Cyclic AMP accumulation was then stimulated by forskolin in the presence Modulation of DMR by aripiprazole and reference DRD2 ligands in HEK-D2 cells. A. Dynamic mass redistribution was measured during stimulation with DRD2 ligands, and the AUC at each drug concentration was determined. B. Antagonism of DMR was measured by pre-treating cells with antagonists for 1 h, followed by incubation with 100 nM dopamine. Data shown represent the average and S.E.M. of at least three independent experiments conducted in duplicate. 
